A number of previous reports have suggested that the processing of second-order stimuli by the amblyopic eye (AE) is defective and that the fellow non-amblyopic eye (NAE) also exhibits an anomaly. Second-order stimuli involve extra-striate as well as striate processing and provide a means of exploring the extent of the cortical anomaly in amblyopia using psychophysics. We use a range of different secondorder stimuli to investigate how general the deficit is for detecting second-order stimuli in adult amblyopes. We compare these results to our previously published adult normative database using the same stimuli and approach to determine the extent to which the detection of these stimuli is defective for both amblyopic and non-amblyopic eye stimulation. The results suggest that the second-order deficit affects a wide range of second-order stimuli, and by implication a large area of extra-striate cortex, both dorsally and ventrally. The NAE is affected only in motion-defined form judgments, suggesting a difference in the degree to which ocular dominance is disrupted in dorsal and ventral extra-striate regions.
Introduction
The natural environment is composed of luminance-defined (first-order) as well as contrast/motion/stereo-defined (secondorder) features. It is widely accepted that the first-order information is processed by the neurons in early visual cortex (V1) with receptive fields tuned for orientation (Hubel & Wiesel, 1962) and spatial frequency (Campbell, Cooper, & Enroth-Cugell, 1969; DeValois & DeValois, 1988) of the luminance-defined stimuli. However, there are two conflicting views for where second-order visual features are processed, though it is widely accepted that it involves additional processing in extra-striate cortex. There is some debate over whether all second-order stimuli are processed in one cue-invariant area in extra-striate cortex, such as V3A (Zeki & Shipp, 1988) or whether multiple different areas are involved for the different varieties of second-order stimuli (e.g. contrast-defined, motion-defined and orientation-defined). For example, for motiondefined stimuli, there is evidence supporting the involvement of V1, V2 and V3 in representation of motion boundaries (Reppas et al., 1997) . There are also reports that MT (V5) responds to second-order motion stimuli (Smith et al., 1998) , as well as reports that V3 and VP respond stronger to second-order than first-order stimuli. For orientation (texture)-defined stimuli, single cell studies suggest the involvement of areas downstream from V2 (El-Shamayleh & Movshon, 2011) , while human fMRI studies suggests the involvement of many areas including V1, V2, V3, V3A/B, LO1, hV4 and VO1 (Larsson, Landy, & Heeger, 2006) . There is also evidence from lesion study for the involvement of V4 in texture discrimination (Merigan, 2000) . For contrast-defined stimuli, there is evidence for the involvement of V1/A17 and V2/A18 (Hallum, Landy, & Heeger, 2011; Zhou & Baker, 1993 .
The psychophysical deficit in amblyopia is extensive involving not only contrast sensitivity (Hess & Howell, 1977; Levi & Harwerth, 1977) but also the encoding of spatial position (Bedell & Flom, 1981; Hess, Campbell, & Greenhalgh, 1978; Lagreze & Sireteanu, 1991) , global motion (Aaen-Stockdale & Hess, 2008; Ho et al., 2005; Simmers et al., 2003) , global form (Husk & Hess, 2013; Simmers, Ledgeway, & Hess, 2005; Simmers et al., 2011) , contrast-defined form (Hong, Levi, & McGraw, 2001 ) and motiondefined form (Husk, Farivar, & Hess, 2012; Giaschi et al., 1992) . The site of the amblyopic deficit is thought to be primarily in the striate cortex (Kiorpes & McKee, 1999) but the extent to which the extra-striate cortex is separately affected is not clear (Kiorpes et al., 1998) . Although it is true that second-order processing is thought to involve extra-striate areas, it is not always possible to exclude an explanation based on a reduced feedforward input from striate cortex for reduced second-order function. Simmers and colleagues (Simmers, Ledgeway, & Hess, 2005; Simmers et al., 2003 Simmers et al., , 2006 and argue for a primary deficit in ventral as well as dorsal extrastriate function. Wong, Levi, and McGraw (2001) also show that the deficit for contrast-defined form is not simply due to reduced visibility of the carrier, suggesting extra-striate involvement. Similarly, Husk, Farivar, and Hess (2012) argue that deficits for motiondefined form remain even after correcting for low-level differences in contrast sensitivity.
Thus there is support for defective second-order processing in amblyopia that is not explicable in terms of striate function, suggesting extra-striate involvement. Here we address the nature of this extra-striate involvement with the following questions;
1. How general is this deficit? For example, are only some types of second-order processing affected in amblyopia or are all types of second-order processing affected equally? 2. How lateral is this deficit? For example, is this deficit specific to the AE information or is information from the NAE equally affected?
An answer to the first question bears upon the extent of the extra-striate deficit as there is evidence from both single cell neurophysiology (Zhou & Baker, 1993 and human fMRI (Hallum, Landy, & Heeger, 2011; Reppas et al., 1997) that separate ventral and dorsal extra-striate regions underlie the processing of different second-order stimuli. On the basis of the suggested developmental vulnerability of the dorsal extra-striate cortex (Braddick, Atkinson, & Wattam-Bell, 2003) , one might expect a greater loss of motiondefined form compared with either contrast-or orientationdefined form. The answer to the second question has been partly answered by previous studies (Giaschi et al., 1992; Ho et al., 2005; Wong, Levi, & McGraw, 2001) , information through the NAE is affected to some extent. The numbers of amblyopes studied to date does not allow us to gauge how general a finding this is and whether both eyes are affected equally. Also this effect seems clear in children but less clear in adults (Giaschi et al., 1992; Ho et al., 2005) . By using a larger number of adult subjects and comparing results to a large database of normal adult responses collected using the same psychophysical approach, we hope to answer both of these questions for the adult population.
We used the quick Contrast Sensitivity Function (qCSF) approach to measure two types of first-order contrast sensitivity and three types of second-order sensitivity that relied on form judgments (i.e. contrast-, orientation-and motiondefined form).
The qCSF method has been successfully applied to measuring second-order sensitivity of normal observers (Reynaud et al., 2014) as well as first-order sensitivity of amblyopes (Hou et al., 2010) . This is the first time that qCSF model is applied to secondorder sensitivity of amblyopes and we are relatively confident that the model is valid based on its previous successful applications. The stimuli used for the first-order measurements served as the carriers for the second-order measurements. The results on 28 adult amblyopes were compared with a normative database from 52 adult subjects using an identical approach (Reynaud et al., 2014) .
Methods

Subjects
In total 28 subjects (17 males and 11 females, average age = 26.3 ± 9.69 years, range: 13-55 years) volunteered in the main experiment which included two first-order conditions: static and moving stimulus conditions, and three second-order conditions: contrast-modulation, orientation-modulation, motion-modulation (see Section 2.3). There are two groups -the first group includes 21 subjects (9 males and 12 females, average age = 22.0 ± 3.62 years, range: 13-27 years) that were tested in Hefei; the second group includes 7 subjects (4 males and 3 females, average age = 38.5 ± 11.40 years, range: 23-55 years) that were tested in Montreal. All of the subjects were diagnosed with amblyopia (6 with strabismus) and the visual characteristics are detailed in 
Apparatus
All of the procedures and the analysis were processed with Matlab (Ó the MathWorks) using the psychophysics (Brainard, 1997; Pelli, 1997) , Palamedes (Prins & Kingdom, 2009 ) and qCSF toolboxes. Stimuli were presented on a gamma-corrected Sony G220 CRT monitor for the first group of subjects and on a gamma-corrected Compaq CRT monitor for the second group. For the first monitor the display area was 24.4 Â 32.5 cm with the mean luminance 40 cd/m 2 , the refreshing rate 75 Hz and the resolution 1600 Â 1200 pixels. For the second monitor the display area was 30 Â 40.5 cm with the mean luminance 20 cd/m 2 , the refreshing rate 120 Hz and the resolution 1024 Â 768 pixels. Subjects viewed the stimuli monocularly in a dimly lit room with a viewing distance of 60 cm.
Stimuli
The visual stimuli presented in this experiment on amblyopes were the same as the ones in our previous study on normals (Reynaud et al., 2014) except that in addition to the five existed conditions, namely first-order oriented luminance modulation (subsequently denoted as LM1d), first-order moving luminance modulation (denoted as LM2d), second-order non-normalized contrast-defined modulation (denoted as CM), second-order normalized orientation-defined modulation (denoted as OM) and second-order normalized motion-defined modulation (denoted as MM), an additional normalized contrast modulation condition (denoted as CMn) was added. The two types of first-order stimuli were then used as carriers to build the second-order stimuli. To keep consistency the contrast is always expressed as Michelson contrasts.
First-order, carriers
In the case of LM1d and OM, the first-order carriers c h and c v (Fig. 1a , first row) were generated by filtering white noises by the horizontal Gabor filter G h or the vertical one G v respectively in a two-dimensional space (x, y) with values ranging from À1 to 1 (Eq. (1)). The frequency and contrast of the Gabor filters were determined by the qCSF method (see Section 2.4) and the bandwidth was 3 octaves. (Fig. 1b , first row) were functions of two-dimensional space and time (x, y, t) with a range of values between À1 and 1. They were generated by successively filtering white noises by both the orthogonally oriented Gabor filters G h and G v (Eq. (2)). The carriers were moving randomly leftward or rightward for the horizontal conditions and upward or downward for the vertical conditions, at a drifting rate of 2 Hz. Note that the illustration Fig. 1b The carrier of CM and CMn -c 0 was also generated by successively filtering white noise by both G h and G v but in a two-dimensional space (x, y) with a range of values between À1 and 1, as shown in c 0 ðx; yÞ ¼ w 1 ðx; yÞ Ã G h ðx; yÞ Ã G v ðx; yÞ ð 3Þ
Second-order, modulation
The envelopes that were used to build the second-order stimuli were two half-cycle phase-shifted gratings with a frequency f m of 1/4 that of the carrier, m 1 and m 2 respectively (Eq. (4)). These envelopes took values between 0 and 1. They were weighted by a modulation parameter m (0 < m < 1) characterizing the blending applied between the two textures ( Fig. 1a and b, second rows), and could both be horizontal or both be vertical. These envelopes modulated the carriers in each second-order condition. In all of the second-order stimuli, there is no relationship between the orientation of the carriers and that of the envelopes. In particular, for the motion-modulation case, the two carriers were moving in random orthogonal directions (one horizontally and one vertically). Thus the direction of motion never provided any cue on the envelope orientation. All the stimuli were showed on a gray background in a Gaussian aperture of 10°standard deviation (Reynaud & Hess, 2012) . The filtered noise carrier has an RMS contrast of approximately 0.2 times that of the Michelson contrast. The application of the Gaussian mask also has the effect of reducing the apparent contrast of the stimulus.
Procedures
Trial procedure
A single-interval identification task was employed to estimate the detection sensitivity. The subjects' task was to identify the orientation of the carrier for the first-order measurements or the orientation of the envelope for the second-order measurements: horizontal or vertical. The trial time course was as follows: (1) a green fixation dot appeared on the screen, (2) the dot turned red and the stimulus was presented for 1 s with an auditory cue, (3) the dot turned orange and indicated to the subject that a response was needed, (4) when the subject answered, the dot disappeared and audio feed-back about the correctness of the response was provided.
The first-order sensitivities were always measured before their second-order counterparts for each subject individually so that the contrast of the carrier for the subsequent OM and MM conditions could be set to 10 times the contrast threshold for detecting the respective carrier (LM1d and LM2d conditions). It was set to 1 if larger than 1. However, for the CMn condition the mean contrast was set to 5 times the contrast threshold. For the CM condition, the mean contrast was set to 50% to ensure that the full range of modulation was always available. Each run consisted of 100 trials preceded by 5 training trials, took approximately 7 min and was repeated two times. Sensitivity was measured monocularly with the sequence of first run of all measurements of the NAE, first run of the AE, second run of the NAE and second run of the AE. An extra run was performed in case these two repetitions showed a notable difference.
qCSF method
The sensitivity functions were determined using the quick contrast sensitivity function (qCSF) method ( The carrier is a non-oriented two-dimensional filtered noise moving horizontally or vertically (first-order motion case, LM2d). Two carriers moving in random orthogonal directions are respectively modulated by out-of-phase sine-wave gratings and combined to generate the second-order motion-modulated stimulus (MM).
(c) Contrast-modulation. The carrier is a non-oriented two-dimensional filtered noise, its contrast is modulated by a sinusoidal grating to generate the second-order contrastmodulated stimulus (CM), or contrast-modulated normalized stimulus (CMn). (d) The sensitivity is described by the truncated log-parabola model as a function of the spatial frequency. Four parameters are studied: the peak gain (c max ), the peak frequency (f max ), the bandwidth (b), and the cutoff frequency (f c ). Stimuli are rendered here at 100% Michelson contrast, adapted from Reynaud et al. (2014 Reynaud et al. ( ). et al., 2010 . This method is a Bayesian adaptive procedure that estimates multiple parameters of the psychometric function at the same time. The qCSF jointly estimates thresholds across the whole spatial frequency range. For each trial, the method finds the optimal stimulus in order to maximize the expected information gain about the sensitivity function under study . The method estimates the sensitivity function with the truncated log-parabola model (Watson & Ahumada, 2005) .
The log-parabola function in Eq. (8) can be described by three parameters: the peak gain c max , the peak frequency f max , and the bandwidth b (full-width at half-maximum, Fig. 1d ).
S 0 ðf Þ ¼ log 10 ðc max Þ À j log 10 ðf Þ À log 10 ðf max
with j = log 10 (2) and b 0 = log 10 (2b). The truncated log-parabola comes from the truncation imposed for low frequencies and described by the parameter d. The logsensitivity S is then expressed in:
We discarded the truncation parameter from our analyses because it was often out of the range of our measurements. Another parameter that we used in the analysis was the cutoff frequency f c defined as the frequency for which the sensitivity is minimal S = 0
For the qCSF measurements, the possible range for the modulation was 0.001-1. The frequency range was 1-14.16 c/d for firstorder luminance and 0.25-3.54 c/d for second-order modulation frequency. The initial priors required by the qCSF were set manually: the gain prior was set to 100 for the first-order and to 10 for second-order; the peak frequency prior was set to 8 c/d for the first-order and to 2 c/d for the second-order; and the bandwidth prior was set to 3 octaves in both cases.
Data analysis
To check if the results of the two groups of subjects that were tested in the two different experimental set-ups were different from each other, we compared the shapes of the average contrast sensitivity function and the modulation sensitivity function as well as the four parameters of the qCSF function. There was no significant difference between the two groups. Therefore in the following analysis we report combined data.
Because the carrier contrast could not exceed 1, the contrast of some carriers was less than 10 times their detection threshold. In order to assess the capacity of second-order processing per se, i.e. to make sure any reduced performance for second-order stimuli is because of second-order processing per se instead of a loss of visibility of first-order information, only data for which the carrier contrast was larger than 5 times its detection threshold are displayed. For the first-order conditions, we used only contrast sensitivity data that was above zero.
We then compared the qCSF parameters obtained from the amblyopes with those parameters obtained from normal adults from our previous study (Reynaud et al., 2014) . Since there was no significant difference between normal eyes and the NAE of amblyopes, we compared the parameters obtained from AE with those obtained from NAE.
Results
The averaged sensitivity functions of 28 subjects are shown in Fig. 2a for non-amblyopic eyes (NAE) and Fig. 2b for amblyopic eyes (AE). The two kinds of first-order stimuli and the three kinds of second-order stimuli (see Section 2) are shown in different colors. There are four important observations from these results. First, the sensitivity functions for first-order and second-order stimuli present a low-pass bell shape in both eyes. The functions cluster into two groups: a first-order group with large max gain and high peak spatial frequency and a second-order one with smaller gain and reduced peak frequency. This result is consistent with previous studies in terms of the shape of the first-order contrast sensitivity function (Campbell & Robson, 1968) , the shape of the second-order contrast sensitivity functions Landy & Oruc, 2002; Meso & Hess, 2010 Schofield & Georgeson, 2003; Sutter, Sperling, & Chubb, 1995; Watson & Eckert, 1994) and the higher sensitivity to first-order stimuli than that to second-order stimuli Sutter, Sperling, & Chubb, 1995) . Second, although the shapes of the sensitivity functions of the NAE and the AE are similar, the gain and the peak frequency are higher in NAE than in the AE for both first-order and second-order sensitivity functions. Third, the sensitivity functions of the two first-order stimuli, namely the static and the moving first-order noise stimuli, are very similar in terms of shape, gain and peak frequency. In the NAE, the peak frequency is about 1.9 c/d and the gain is about 54, which is consistent with previous results (Campbell & Robson, 1968) . In the AE, the functions peak at about 1.40 c/d and have a sensitivity of about 37. The fact that the peak frequency and the max gain of the AE is smaller than that of the NAE is consistent with the widely accepted idea that amblyopic eyes have reduced contrast sensitivity (Gstalder & Green, 1972; Hess & Howell, 1977; Levi & Harwerth, 1977) . Fourth, the sensitivity functions of the three second-order stimuli, although having similar shapes, are different in gain and peak frequency. In the NAE, the contrast-modulation sensitivity function peaks at approximately 1.14 c/d and has a sensitivity of Fig. 3 . Logarithmic ratios of the sensitivity of the NAE to the AE against the spatial frequency. First row: first-order stimuli-LM1d (luminance-modulation orientation), LM2d (luminance-modulation motion); second row: second-order stimuli-OM (orientation-modulation), MM (motion-modulation), CM (contrast-modulation). The color of the symbols refers to the type of stimulus used from the color code of Fig. 2 . Different number of points are shown for each subject because only the data that survived the truncation is shown (see Section 2). 6.20; the orientation-modulation sensitivity function peaks at 0.99 c/d and has a sensitivity of 4.8; and the motion-modulation sensitivity function has a peak frequency of 0.72 c/d and a gain of 3.67. While in the AE, the contrast-modulation sensitivity function peaks at approximately 0.67 c/d and has a sensitivity of 5; the orientation-modulation sensitivity function peaks at 0.61 c/d and has a sensitivity of 4.32; and the motion-modulation sensitivity function has a peak frequency of 0.4 c/d and a gain of 3.66. Therefore compared to the NAE, there is also a sensitivity deficit for second-order processing for AE stimulation. Fig. 2c and d shows the sensitivity functions reconstructed using the log-parabola model (Watson & Ahumada, 1985) with the parameters estimated by the qCSF model for the NAE and AE separately. The model representation was truncated to the delta threshold level of the qCSF ) because this parameter is not of interest here, and the curve has been extrapolated to show the cutoff frequency (see Section 2). As reflected in the data (Fig. 2a and b) , the sensitivity functions derived from the parameters show that the AE has lower gain and peak frequency for both first-order and second-order sensitivity functions compared with that of the NAE. The cutoff frequency for the first-order functions is approximately 15 c/d in the AE and 30 c/d in the NAE. It is around 3, 2.6 and 1.5 c/d in the AE for second-order contrast-, orientation-and motion-modulation respectively. And in the NAE it is around 8.7, 5.7 and 3.4 c/d respectively. Fig. 3 shows the log threshold elevation ratios for the AE compared to the NAE in each condition as a function of spatial frequency for each subject separately. The data were fit by linear regression for each subject in each condition separately. The mean and standard deviation of the two regression parameters are shown in Table 2 . Two features are noteworthy for the threshold elevation of the AE, first, the slopes of the regression lines in Fig. 3 are mostly positive and the mean of the slopes in every condition is positive. Second, in the two first-order conditions the intercepts are mostly at or above zero whereas for the three second-order conditions they are mostly below zero. Therefore for both first-order and second-order processing the sensitivity of the AE declines relative to the sensitivity of the NAE as the spatial frequency increases. For the first-order conditions, the contrast sensitivity of the AE is reduced relative to the NAE at all spatial frequencies including mid-low spatial frequencies. In the secondorder conditions, however, the AE's sensitivity is worse than that of the NAE at high frequencies but better at mid-low frequencies.
Four parameters from qCSF model fits to the data are shown in Fig. 4 , a -the gain, b -the peak frequency, c -the cutoff frequency and d -the bandwidth. For each parameter, averaged values are compared for 104 normal eyes, 28 NAEs and 28 AEs.
This parameter comparison is for the two first-order conditions and the 3 second-order conditions respectively. The data of the normal eyes are from our previous study (Reynaud et al., 2014) in which no significant difference was found between the sensitivity functions of the dominant eye and the non-dominant eye of normal subjects for either first-order or second-order stimuli. Therefore, in the current analysis the previous data of the dominant eyes and non-dominant eyes were averaged for comparison with those of the AE and the NAE.
Since it cannot be assumed that the NAE of amblyopia patients is absolutely normal, we used a Wilcoxon Rank Sum two-tail test for comparing the parameters between the NAE and the average of normal eyes. On the other hand, since our expectation is that the amblyopic eye will show a deficit, we used a one-tail test for comparing the parameters between the AE and the average of normal eyes. The difference between the AE and the normal eyes is significant for all parameters in all conditions (p < 0.05). Hence compared to the normal eyes, the AE exhibits a deficit that is general for different types of first-order and second-order stimuli. On the other hand, the parameters for the NAE are only significantly different from those of normal eyes in very few conditions (p < 0.05). The gain and the cutoff frequency in the first-order motion condition and the bandwidth in the orientation-modulated second-order condition are superior to those for the normal eyes. However, the gain in the motion-modulated second-order condition is lower than that of normal eyes. Therefore there is no general deficit in the NAE for either first-order or second-order processing, enabling further analysis to be done between the data of the NAE and the AE.
The comparison between the parameters of the qCSF model for the first-and second-order data of the AE and NAE are shown in a scatter plot, subject-by-subject, in Fig. 5 . Each parameter of the AE for each subject is plotted against the corresponding parameter of the NAE for the same subject with the first-order conditions on the left and the second-order conditions on the right. From top to bottom, the parameters are the max gain, the peak frequency, the cutoff frequency and the bandwidth. The data are mostly above the identity line for almost all the parameters in all the conditions The asterisks indicate that the parameters are significantly different from the normative dataset (two-tail Wilcoxon rank sum test for the NAE and one-tail for the AE, p < 0.05), all the other comparisons are not significantly different. Note that the y-axis is on a log-scale in panels a and c.
except that for the max gain parameter in the second-order conditions where the data are approximately equally distributed about the identity line. All the parameters were compared between the AE and the NAE using Wilcoxon Signed Rank one-tail test. Except for the gain in second-order orientation-and motion-modulation and the bandwidth in second-order contrast modulation, all the parameters in all conditions are significantly smaller in the AE than in the NAE (p < 0.05). Hence compared with the NAE, the AE has significant deficits for first-order processing. For the second-order processing, we found that the AE also has significant deficits, manifested by lower peak frequency and cut off frequency as well as a narrower bandwidth for all three second-order conditions and lower gain for contrast-modulation compared to the NAE. In orientation-modulation and motion-modulation conditions, since the peak gain (i.e. max gain) is not significantly reduced in the AE compared with the NAE, the deficit is restricted to higher modulation spatial frequencies.
This comparison confirms our observation about the sensitivity function as well as the parameter means, namely that compared to the NAE, the AE is defective in first-order processing at all spatial frequencies and in second-order processing at only high spatial frequencies.
In all the second-order conditions except for contrast modulation, the carrier was set to be 10 times its first-order threshold to ensure that loss of second-order sensitivity was not the result of reduced first-order carrier visibility. This was not done for contrast modulation because we wanted to be able to use the whole contrast range for each spatial frequency, and so we set the mean contrast of the stimulus to 50%. Here we assess the impact of this decision by comparing AE and NAE functions for contrast modulated stimuli that have either a fixed mean contrast of 50% (non-normalized condition-termed CM) or a mean carrier contrast set at 5 times its own detection threshold (normalized conditiontermed CMn).
To address the question about the comparison between normalized contrast-modulated second-order stimuli (CMn) and the non-normalized one (CM), firstly the sensitivity functions of each condition are shown in Fig. 6 separately for the AE and the NAE. From this figure we see that the sensitivity for the CM condition is better than that for the CMn condition only at mid-low spatial frequencies. Indeed, these two conditions do not show any differences at high-spatial frequencies because in this range the first-order contrast thresholds are high, and after normalization, the mean contrast in the CMn condition is close to 50%.
In order to further compare the sensitivity functions for the CMn and the CM conditions, Fig. 7a shows a scatter plot of the sensitivity of CM against CMn over the full spatial frequency range for all the subjects for the NAE and the AE with linear regression. There are more data in the upper part of the quadrant for both eyes, indicating that sensitivity is higher for the CM than for CMn. However, there is no difference in this regard between the AE and the NAE.
In Fig. 7b the ratio between the sensitivity of CM and CMn for the NAE and the AE is shown over the full spatial frequency range for all the subjects. When the contrast is low, the ratio for both AE and NAE is relatively high while when the mean contrast is close to 1 (that of the non-normalized condition) the ratio drops to 1. The change of the ratio for both eyes with contrast suggests that the mean contrast of the carrier plays a role in the detection of the contrast modulation. The dashed lines are two regressions of an inverse function with two parameters: the slope and the intercept. Using a bootstrap distribution for each parameter, a Student's t-test revealed these two fitted curves were not significantly different. Thus, there is no significant difference in the way that first-order information inputs into second-order processing in the AE and the NAE. We can conclude two things; first, the influence of using a normalized carrier contrast (i.e. set to a multiple of detection threshold as in the CMn condition) is mostly seen at low mean carrier contrasts corresponding to low-mid modulation frequencies (where sensitivity is best but where there is no difference between AE and NAE) rather than at high modulation frequencies where there is an AE deficit; second, this effect at low mean contrasts is equal for both AE and NAE and would not by itself contribute to additional second-order sensitivity deficits. This suggests that the second-order deficits reported here for contrast-defined stimuli are not due to downstream deficits in contrast sensitivity affecting the visibility of the carrier. . Averaged sensitivity functions comparing AE and NAE for two different contrast-modulated conditions: CM -contrast modulation and CMn -normalized contrast modulation. In the former the mean carrier contrast was fixed at 50% whereas in the latter, the mean contrast was always set to be 5 times its detectability. 
Discussion
In this study we compared both first-and second-order contrast sensitivity for the amblyopic and fellow non-amblyopic eyes of 28 amblyopes to the non-dominant and dominant eyes of 52 normal observers using an identical psychophysical approach, the qCSF, to address two question, namely;
1. How general is this deficit? For example, are only some types of second-order processing affected in amblyopia or are all types of second-order processing affected equally? 2. How lateral is this deficit? For example, is this deficit specific to amblyopic eye information or is information from the fixing eye equally affected?
We confirmed the first-order deficit and showed that the second-order deficit is of a general nature affecting the detection of spatial form defined by contrast, orientation and motion. The amblyopic eye exhibits a range of anomalies for these stimuli when compared with that of a normal observer. There is evidence from a case series that while a wide range of second-order functions is affected they may not be equally affected (Simmers et al., 2011) . This suggests that the underlying deficit is extensive and possibly not uniform within the cortex because these different spatial and temporal second-order stimuli optimally drive neurons in different specific regions of ventral and dorsal cortex respectively. Such a conclusion is in line with the available fMRI (Barnes et al., 2001; Li et al., 2007) and psychophysical studies that have investigated this issue (Simmers, Ledgeway, & Hess, 2005; Simmers et al., 2003 Simmers et al., , 2006 . Although second-order function can be associated with extra-striate cortex, it is presently unclear the extent of striate (Hallum, Landy, & Heeger, 2011; Larsson, Landy, & Heeger, 2006; Zhou & Baker, 1993 or indeed pre-striate (Rosenberg & Issa, 2009; Rosenberg et al., 2008) involvement. This uncertainly makes it difficult to go from psychophysical deficit to cortical locus.
An important issue is whether the deficit for the detection of first-order stimuli could be responsible in whole or part for the second-order deficit. We set out to use first-order stimuli that could serve as carriers for the second-order modulation to specifically address this issue. This allowed us to measure the detectability of the carriers so that we could set the carriers at 10 times their detection threshold to ensure that carrier visibility was not the explanation for any observed reduction in second-order sensitivity for the amblyopic eye. We did this for motion and orientation defined. To examine whether carrier visibility played a role in the measured amblyopic deficit for contrast-defined form, we compared measurements with a fixed 50% mean contrast (CM) with those for mean contrast set to 5 times their detection threshold (CMn). This comparison shows that the fixed 50% contrast carrier resulted in better modulation sensitivity but only at low modulation spatial frequencies where sensitivity is best but where the different between fixing and normal eyes is least. Additionally, these effects were similar for both fixing and amblyopic eyes. Taken together this strongly suggests that even for the contrast-defined form stimuli, the visibility of the carrier played little or no role in the measured modulation deficits. This suggests that the deficits reported here are extra-striate in nature.
It has been reported that the fixing eye of amblyopes exhibits a deficit for the detection of second-order stimuli (Giaschi et al., 1992; Ho et al., 2005; Husk, Farivar, & Hess, 2012; Husk & Hess, 2013; Wong, Levi, & McGraw, 2001 ) although the evidence is mainly confined to motion-defined form stimulation (Giaschi et al., 1992; Ho et al., 2005; Husk, Farivar, & Hess, 2012) . We asked how general is this deficit for different types of second-order processing and is it comparable to that exhibited for amblyopic eye stimulation. Our results suggest that there is no general second-order deficit for fellow non-amblyopic eye stimulation, our normative database of 104 eyes (Reynaud et al., 2014 ) provides a firm foundation from which to assert this. However, we did find a significant difference in the qCSF gain parameter between the NAE and the eyes of normal subjects for the motion defined secondorder stimulus which could indicate a selective motion secondorder deficit in the NAE along the lines of that suggested by (Aaen-Stockdale & Hess, 2008) . The sparing of the NAE for second-order functions (excepting motion-modulation) could be explained by a shift of ocular dominance in regions of the extrastriate cortex (Schroder et al., 2002; Sireteanu & Best, 1992) comparable to that previously reported in the striate cortex (Wiesel & Hubel, 1965 ).
An unexpected finding was that second-order sensitivity at low spatial frequency was better in the AE compared to the NAE. Firstorder low spatial frequency sensitivity can, in some cases, be better for the amblyopic compared with the fixing eye (Hess & Howell, 1977) . This is thought to be due to the added temporal stimulation due to unsteady eye-movements which enhance selectively sensitivity at low spatial frequencies (Robson, 1966) . However, since we did not observe such an effect for our first-order stimuli, there must be an alternate explanation for the second-order enhancement. One possibility is that, as the spatial frequency is lowered and the number of cycles reduced, the effect is due more to the reduced cycles than it is to the spatial frequency per se. If this was so then it would suggest anomalous spatial summation for second-order stimuli by the amblyopic eye at low modulation frequencies (<1 c/d). Spatial summation for second-order stimuli has been found to be normal at 1 c/d (Wong & Levi, 2005) but it is yet to be investigated below 1 c/d.
